In the light-driven proton pump bacteriorhodopsin, proton transfer from the retinal Schiff base to aspartate-85 is the crucial reaction of the transport cycle. In halorhodopsin, a light-driven chloride ion pump, the equivalent of residue 85 is threonine. When aspartate-85 was replaced with threonine, the mutated bacteriorhodopsin became a chloride ion pump when expressed in Halobacterium salinarium and, like halorhodopsin, actively transported chloride ions in the direction opposite from the proton pump. Chloride was bound to it, as revealed by large shifts of the absorption maximum of the chromophore, and its photointermediates included a red-shifted state in the millisecond time domain, with its amplitude and decay rate dependent on chloride concentration. Bacteriorhodopsin and halorhodopsin thus share a common transport mechanism, and the interaction of residue 85 with the retinal Schiff base determines the ionic specificity.
Bacteriorhodopsin (I) and halorhodopsin (2) are active, light-driven electrogenic pumps for protons and chloride ions, respectively, in the cell membranes of halobacteria. Both contain seven transmembrane helical segments, and their chromophores consist of retinal linked to a lysine residue by means of a protonated Schiff base near the middle of helix G. The sequence similarity of the two proteins has raised expectations (3) that the mechanism of ion transport might be similar in the two systems, even though one translocates a cation and the other an anion in opposite directions.
The active site of bacteriorhodopsin is an ion pair formed by the protonated Schiff base and the anionic Asp85 residue (4) .
Transfer of a proton from the Schiff base to Asp85 initiates not only proton release to the extracellular side and several other proton transfers that follow, but also a protein conformational shift (5) that is associated with a change in the access of the Schiff base (6) from the extracellular toward the cytoplasmic side and the proton donor Asp96. In halorhodopsin, the residue that corresponds to Asp85 is threonine, which is conserved in various species (7) . Lacking a proton acceptor, the Schiff base does not become deprotonated in halorhodopsin. As expected, replacement of Asp85 with Asn abolished Schiff base deprotonation in bacteriorhodopsin also, as well as the light-driven proton transport (6, 8) (10) . Likewise, the related retinal protein, sensory rhodopsin I of halobacteria, becomes a proton pump in the absence of its transducing protein, but not when the Asp residue that corresponds to residue 85 is replaced with Asn (11) .
The difference of the ion specificities of bacteriorhodopsin and halorhodopsin is intriguing. The chloride ion binds near the Schiff base of halorhodopsin (12) Chloride transport by halorhodopsin is usually assayed by examination of passive proton uptake in the presence of chloride and an uncoupler (16) . Light indeed caused a net inward transport of protons in D85T bacteriorhodopsin-containing membrane vesicles (17) that was facilitated by uncoupler and abolished by TPP+ (tetraphenyl phosphonium bromide), a membrane-permeant cation (Fig. 1A) . Halorhodopsin also exhibits such transport, but the D85T gene was expressed in H. salinarium Pho81 cells that lack all bacterial opsins (18) . The observed chloride affinity, in the molar range ( Fig. 2A) , also confirms the absence of chloride transport by halorhodopsin in these assays, because this would have reached a maximal rate near a concentration of chloride of 150 mM (19) , at which almost no transport was seen. The absence of halorhodopsin was further confirmed by the observation (15) that the pH changes were unaffected by heating at 55°0C, a treatment that inactivates halorhodopsin but not bacteriorhodopsin (20) . The simple relation of the initial rate versus the light intensity (Fig. 1B) The existence of chloride transport implies that chloride will bind to D85T bacteriorhodopsin. Near neutral pH, chloride and bromide caused a large shift in the spectrum toward shorter wavelengths, from 600 to 556 and 566 nm, respectively (Fig. 3A) , which is similar to the effect in halorhodopsin from Natronobacterium pharaonis (21) , although dissimilar to that in H. saliunarium, where the shift is toward longer wavelengths (22) . The apparent binding constant is in the molar range (Fig. 2B) , whereas the dissociation constant (Kd) for chloride binding in N. pharaonis halorhodopsin is 1 mM (21, 23).
The D85N mutant exhibits no halide-dependent spectral shifts under these conditions (24) . Halides affect also the photochemical cycle of D85T. The first photointermediate of the blue form of D85T (in 1 M Na2SO4) is a red-shifted state (identified as K in the wild-type photocycle), which decays within a few microseconds (24) . Thereafter, blue-shifted intermediates appear that have lower extinctions than that of the unphotolyzed state, like the L and N states in the photocycles of wild-type "acid blue" bacteriorhodopsin at pH 2 or D85N (6). In 2 M NaBr (or NaCI), these blue-shifted intermediates are followed by a red-shifted state that appears with a 0.5-ms rise time (Fig. 4) . Its decay repopulates the initial state. This effect is very similar to what has been reported for halorhodopsin (21, 25 (21, 23) . As in this halorhodopsin, the chloride (and bromide) dependence on the amplitude of absorption change, which is a result of the red-shifted intermediate shown in Fig. 2C , is consistent with the halide binding equilibria (Fig. 2B) . The photointermediate thus appears to arise from the halide-binding forms. The absence of a change in absorption near 400 nm (Fig. 4) indicates that the Schiff base does not deprotonate in this photocycle.
The decay rate of the red-shifted state is linearly dependent on the concentration of chloride (Fig. 3B ). This is also true for N. pharaonis halorhodopsin (23) and suggested that this rate is limited by the uptake of chloride in the same way as the recovery of the initial wild-type bacteriorhodopsin state depends on proton uptake (27) Thus, in the way the pH-dependent properties of wild-type bacteriorhodopsin had provided clues to the proton transport, these chloride-dependent properties common to halorhodopsin and D85T bacteriorhodopsin begin to suggest a chloride transport mechanism. Our results show that upon replacement of Asp85 with Thr (but not Asn), bacteriorhodopsin is converted into a chloride transport system and shares all properties relevant for chloride transport with halorhodopsin from N. pharaonis but with a high affinity for binding the chloride. This finding implies that except for the ion specificity conferred by residue 85, the mechanisms of proton and chloride transport must be the same. It is difficult to visualize this unless the interaction of the Schiff base and residue 85, and its changes upon photoisomerization of the retinal, are the essential elements of the transport (6) . (2) . In vitro, activation domains can directly interact with TBP (3), TAF110 and TAF40 (4), TFIIA (5), TFIIB (6) , and TFIIH (7) . Biochemical studies suggest that some of these interactions are important for transcriptional activation in vitro (4, (8) (9) (10) . In addition, several TBP mutants that support basal but not activated transcription in vitro have been described; one of these is specifically defective for interaction with TFIIB, whereas the others show combinations of defects in interactions with an acidic activation domain (VP16), TFIIA, TFIIB, or DNA (11) . The significance of these interactions to the mechanism of activation in vivo is unknown.
Recruitment of TBP to the promoter in vivo can be a rate-limiting step for transcription that is enhanced by acidic activator proteins (12 (17) , and also conferred ts growth when present as the sole source of TBP (Fig.   1A ). In addition, the strain with N2-1 as the only TBP grew slowly even at 30°C (Fig. IB) , and the cells exhibited a large and elongated morphology. This phenotype was not the result of reduced expression or instability of the mutant TBP, because immunoblot analysis of the mutant strain indicated amounts of TBP equal to those found in the wild type (Fig. 1C) . Moreover, the structure of the N2-1 protein was not substantially compromised, because N2-1 was normal for Pol III transcription at the restrictive temperature (Fig. ID) .
To characterize the transcriptional properties of the N2-1 protein, we determined RNA levels for various genes in a strain with this derivative as the only TBP. Wildtype levels of Pol II transcription from the DED1, HIS3, RPS4, TBP, and TRP3 genes occurred in cells grown at the permissive or restrictive temperature (Fig. 2, A and B) . In
